I. INTRODUCTION

D
UE to the rapid development of new electronic products and due to emerging new technologies the ability to achieve and to improve electromagnetic compatibility is a major challenge in development of electronic products. EMC and EMI measurement equipment which allows extraction of extensive and accurate information within short measurement times will allow the reduction of the costs and to improve the quality in circuit and system development. In the past and currently, radio noise and electromagnetic interference (EMI) are measured and characterized using superheterodyne radio receivers. The disadvantage of this method is the rleatively long measurement time of typically 30 min for a frequency band from 30 MHz to 1 GHz [1] . Since such a long measurement time results in high test costs, it is important to look up for possibilities to reduce the measurement time without loss of quality. Since conventional measurement systems are not evaluating the phase information of the measured EMI signal, important information is lost.
The digital processing of time-domain EMI (TDEMI) measurements using Fourier transform allows the decomposition of the measured signal into its spectral components. The use of Fourier techniques has grown rapidly in recent years because of the economy of programs using the fast Fourier transform (FFT). In general, the digital processing of EMI measurements allows emulation in real-time of the various modes of conventional analogous equipment, e.g., peak, average, rms and quasi-peak detector and also introduces new concepts of analysis, e.g., phase spectra, short-time spectra, statistical evaluation and FFT-based time-frequency analysis methods. Beyond this, time-domain techniques exhibit additional advantages. Since time-domain techniques allow processing all the amplitude and phase information over the whole signal spectrum in parallel, the measurement time may be reduced by at least one order of magnitude and the information obtained goes far beyond the information obtained with conventional analogue measurement systems.
In this paper, a novel real-time broad-band TDEMI measurement system for the 30-1000 MHz frequency range is described, and new techniques and algorithms for TDEMI measurements are presented. Because the TDEMI system is based on digital processing of sampled EMI signals, one of the advantages of this system is that the performance of the system may be improved via software. The TDEMI measurement system allows emulation of the modes of operation of conventional analogous EMI measurement systems. This is required in order to characterize systems under test with respect to the International CISPR 16 standard [2] , [3] . Furthermore, the additional signal characterizations mentioned above also may be performed.
A. State of the Art
Many authors have investigated TDEMI measurement techniques in the lower frequency range. containing all adjustment of the measurement setup, e.g., antenna gain and cable losses.
B. Classification of Interferences
The EMI originating from the equipment under test (EUT) depends on frequency, time, and geometry of the test setup (position, distance, and direction). The interferences may be classified on the basis of the receiver and interference bandwidth as follows [11] - [13] as shown in Table II .
Furthermore, EMI signals may be classified on the basis of their statistical behavior as random or deterministic signals. The random signals can be further subdivided in stationary and nonstationary signals [14] . The statistical properties of nonstationary random signals may change considerably over the observation time. The deterministic signals may be either periodic, quasi-periodic, nonperiodic, or a combination of these signal types. Periodic and quasi-periodic signals exhibit line spectra. Transients are nonperiodic signals. Nonperiodic signals exhibit continuous spectra. Finally, signals can be combinations of two or more of the above classes.
II. TDEMI MEASUREMENT SYSTEM
A. Measurement Equipment
The block diagram of the time-domain measurement setup consisting of the TDEMI measurement system and a conventional EMI receiver is depicted in Fig. 1 . The EMI receiver is used for validation of the results obtained with the TDEMI measurement system. Table III summarizes the components of the time-domain measurement setup. The TDEMI measurement system consists of a broad-band antenna, a switching unit, an amplifier, a low-pass filter, an analog-to-digital converter (ADC), and a personal computer. The broad-band antenna combines the characteristics of a biconical and a log-periodic antenna to facilitate measurements in the frequency range from 30 to 1000 MHz. The anti-aliasing filter limits the signal bandwidth according to the requirement of the sampling theorem. The ADC has an analog bandwidth of 1.5 GHz. The data are transmitted via a general-purpose interface bus (GPIB) to the personal computer. 
B. Measurement Scenario
As the EUT a commercial laptop with a 200-MHz clock frequency has been chosen. The measurements on the laptop are performed in its power-on mode, when the laptop is supplied from the internal battery. All measurements were performed in an anechoic chamber with hybrid absorbers. The distance between the EUT and the vertically polarized antenna was 1 m. The measurement scenario is shown in Fig. 2 .
III. SIGNAL PROCESSING
A. Data Acquisition
The data acquisition process for the time-domain measurement is shown in Fig. 3 . The sampled EMI data are transferred from the main memory of the oscilloscope via the GPIB bus to the personal computer. Then, the amplitude spectra via FFT is digitally computed. The errors due to the frequency characteristics of antenna, transmission line, amplifier, anti-aliasing filter and ADC are corrected by signal processing. Afterwards, a valuation with the peak-, rms-or average-detector mode is made. An additional noise-floor adjustment for comparison with a conventional EMI receiver has to be taken into account. A representative measured TDEMI signal of the EUT is shown in Fig. 4 . 
B. Error Correction of the Measurement System
In order to compute the spectrum accurately from the time-domain measurements the frequency characteristics of the time-domain measurement system has to be compensated. In Fig. 5 the antenna factor and the amplifier gain are shown. The antenna factor depends on the effective antenna length, the antenna impedance and the input impedance of the amplifier. In Fig. 6 , the measured filter frequency response , the cable losses and the voltage attenuation of the ADC are shown. The calculated spectrum from the time-domain data is corrected considering the total transfer function of TDEMI system (1) 
IV. MODEL OF THE EMI RECEIVER
For comparison of the time-domain measurements with the EMI receiver measurements, the IF filter characteristic and the detector type of the EMI receiver have to be taken into account. The measured IF filter characteristics of the EMI receiver is considered in the spectrum calculation via FFT or periodogram. In Fig. 7 , the measured IF filter characteristics of the EMI receiver for the bandwidth 200 Hz, 9 kHz, 120 kHz, and 1 MHz is shown. For using peak, average or rms detectors a time-domain modeling of the detector circuit has to be implemented in the validation of the EMI spectrum. To develop an equivalent system behavior for the TDEMI measurement system, an accurate system model for the EMI receiver is required. The block diagram of a conventional EMI receiver is shown in Fig. 8 . Table IV summarizes the components of the EMI receiver.
The mixer output signal spectrum in Fig. 8 is given by (2) This yields the output signal spectrum of the IF filter The heterodyne receiver may determine either the mean value or the peak value of the rectified signal. The rectifier may be a linear rectifier or a square law rectifier. In the case of a linear rectifier and mean value detection the detector output signal is given by
The mean value is formed over the time interval from to . For square law rectification and mean value detection the detector output signal is given by
With measurement systems based on analog signal processing time averaging usually is performed via RC circuits. In this case (4) and (5) have to be replaced by
where is the pulse response of the analog integrator. For a RC integrator the pulse response is given by (8) The RC integrator yields an exponentially weighted mean value. In that case may be considered as an equivalent time of integration.
Linear rectification in connection with peak value detection over an interval from to yields (9) In the case of analog systems the description of the peak detector has to be modified in the following way:
V. COMPARISON OF THE TDEMI MEASUREMENT SYSTEM WITH AN EMI RECEIVER
To analyze the TDEMI measurement system performance, the measurements performed with the TDEMI measurement system are compared with the results obtained with a conventional EMI receiver in the peak detector mode and the average detector mode. The FFT, Bartlett and Welch periodogram signal processing algorithms have been used for processing of the data measured with the TDEMI system. The results obtained thereby have been compared with the results obtained with a commercial EMI receiver using the peak detector and average detector.
A. The Detector Modes
The digital signal processing in the TDEMI measurement system allows emulation in real-time of the various modes of conventional analogs EMI measurement systems.
The detector output signal for peak detection is given by (11) The detector output signal for average detection is given by (12) The detector output signal for rms detection is given by (13)
B. Signal Processing With FFT
The fourier Transform for discrete signals is carried out via discrete Fourier transform (DFT) [15] (14) where is the input data vector, is the input signal, is the sampling interval, is an integer, is the length of the input data vector, and gives the complex frequency-domain output data vector. In the following, we denominate a continuous signal with and the corresponding sampled signal with where the integer argument denominates samples of the continuous signal at times . The discrete spectrum corresponds to the sampled continuous spectrum with . The DFT can be evaluated with high efficiency using FFT. In Fig. 9 the comparison between the spectrum based on the FFT and the EMI receiver in peak-detector mode is shown. Fig. 9 show the match of the amplitude spectrum measured with the TDEMI system and the conventional EMI receiver for narrow-band harmonic signals, the mean deviation for stationary signal is typically less than 0.5 dB. Slight differences appear in the noise floor. These are caused by the differing noise behavior of the TDEMI system and the conventional EMI receiver. Fig. 10 show the difference of the amplitude spectrum measured with the TDEMI system and the conventional EMI receiver in average-detection mode for amplitudes dB V.
C. Signal Processing With Periodogram
The EMI spectrum is computed from the time-domain signal using the Bartlett-and Welch-periodograms. Both methods are based on the averaging of the spectra obtained by FFT from time segments of the measured signal. The methods are called nonparametric since no assumptions about the data structure are made.
Let be the time-discrete signal to be processed. In the Bartlett method [16] the time domain sequence is subdivided into nonoverlapping segments, where each segment has length . For each segment the periodogram is computed and the Bartlett power spectral estimate is obtained by averaging the periodograms for the segments. The frequency spectrum calculated by the Bartlett periodogram [15] is given by (15) By this averaging of the spectrum the variance of the spectrum estimation is reduced by a factor , however at the expense of a reduction of the frequency resolution by the same factor [17] . Welch [18] has modified Bartletts method by using windowed data segments overlapping in time. The windowing is applied to reduce the spectral leakage associated with finite observation intervals. The overlapping time windows yield a further reduction of the periodogram variance. The frequency spectrum calculated by the Welch periodogram [15] is given by (16) is the discrete-time window energy of the used window function as defined as follows: (17) Figs. 11 and 12 show the comparison between the Bartlett periodogram and the EMI receiver in average-detector mode, and the Welch periodogram and the EMI receiver in average-detector mode, respectively. In this case the Welch periodogram yielded a reduction of the variance of the noise floor by a factor 8. The amplitude spectra measured with the TDEMI system and the conventional EMI receiver in Figs. 11 and 12 show a match and the effect of noise variance reduction with the periodogram is shown. The average deviation between the spectrum calculated from the measured time domain data and spectrum measured with the EMI receiver is less than 3 dB within a frequency range of 30-1000 MHz. The measurement error depends on the statistical properties of the interferences. One reason for this deviation is the nonstationarity of the measured EMI spectrum.
D. Measurement Time
The main advantage of an TDEMI measurement method is the reduced measurement time. In Table V , the contributions to the measurement time are listed for the TDEMI system and for the analog EMI receiver. According to the CISPR 16 standards [2] , [3] the EMI receiver operates in the peak-detector mode and has a dwell time of 100 ms/step. The measured frequency range is 30-1000 MHz.
E. Dynamic Range
The dynamic range of the TDEMI measurement system depends on the dynamic range of the used ADC. For an ADC driven by a harmonic input signal with an amplitude equal to the ADC full-scale input, the maximum signal-to-noise ratio (SNR) [19] in decibels is where is the maximum input signal frequency, is the sampling frequency of the ADC, and is the number of bits of the ADC. From (18) , it follows that for the SNR increases with increasing sampling frequency . This SNR increase is caused by a spectral spreading of the quantization noise power as the sampling frequency increases. For the 8-bit ADC used in this work (18) yields a typical SNR value of 49.92 dB at for sampling at the Nyquist rate.
VI. NEW CONCEPTS OF ANALYSIS
The time-domain signal processing techniques include further advantages in addition to the above mentioned ones. Since time-domain techniques allow processing the amplitude and phase information of the whole signal spectrum in parallel, the measurement time may be reduced by at least one order of magnitude and the information obtained goes far beyond the information obtained with conventional analogue measurement systems.
A. Phase Spectra Computation for Broad-Band EMI Signals via FFT
For analyzing the pulse-response amplitude and phase spectra of the EMI signal are required. With a time-domain measurement the complete signal information (amplitude and phase of the EMI signal) is measurable. Based upon the complete spectral information the propagation of the EMI pulses and the influence of propagation and scattering on the pulse shape may be analyzed. This gives valuable additional information for the optimization of the systems under test. FFT-based signal processing allows rapid analysis of the scattering characteristics of RF absorbers [20] - [22] . Also, novel correlation techniques for reduction of ambient noise in EMI measurement [23] are possible. In Fig. 13 , the phase spectrum calculated via FFT for ten independent time-domain measurements of the EUT is shown. The TDEMI system gives the possibility for new broad-band correlation methods in time-domain.
B. Broad-Band FFT-Based Time-Frequency Analysis of EMI Signals
The EMI originating from the EUT depends on frequency, time and the geometry of the test setup (position, distance and direction). The STFT uses a sliding window. It is defined as (19) where the DFT is of size , is the signal to be analyzed and is a time-domain window with zero value outside the interval [0,
]. The spectrogram of a sequence is the magnitude of the time-dependent Fourier transform versus the time. The spectrogram of a measured EMI signal is shown in Fig. 14 Fig. 15 , the spectrum of a measured EMI signal from a drill machine is shown. 
C. Statistical Analysis and Minimization of Uncertainty in Broad-Band EMI Measurement
To evaluate the EMI of the performance of communication systems the information of the statistical properties of the ambient noise, e.g., amplitude probability distribution, crossing rate distribution, pulse spacing distribution and pulse duration distribution [25] are necessary. In such nonstationary interferences the time domain measurement system is capable to give information about the nonstationary behavior of the EUT, within a short measurement time. In Fig. 16 , the FFT calculated spectrum for 30 independent measurements is shown. At 200 MHz (= clock frequency of the EUT) a steady -field amplitude over 30 measurements is detectable. In the frequency range from 400 to 500 MHz a strong variation of the short-time spectrum with time can be observed. In Fig. 17 , the deviation of the field spectrum a 200 MHz and 521 MHz for 30 independent measurements is shown. The problem of measurement uncertainty meets with growing interest and may be considered in future standards for EMC/EMI measurements [26] , [27] . Probability distribution and standard deviation of the measured EMC/EMI signal have to be considered. Because of the long measurement time of the conventional EMI receiver, statistical analysis is not possible. With the TDEMI system, the possibility to analyze the standard deviation is given, so the character of the measurement uncertainty can be researched. The standard deviation of a data vector is defined as (20) where (21) and is the number of elements in the sample. In Fig. 18 , the standard deviation (calculated via FFT) for 400 independent measurements of a laptop under repeatability conditions is shown. A standard deviation of approximately 6 dB of the radiated emission is shown. The statistical analysis gives information about the emission uncertainty of the EUT under repeatability conditions. Fig. 19 shows the calculated standard deviation of 400 measured EMI amplitude spectra of a nonharmonic 40-MHz oscillator with a stationary emission behavior. The statistical analysis gives an answer about the measurement uncertainty caused by the TDEMI system. At the resonance frequency of the oscillator (stationary signal, e.g., 40, 80, 120 MHz, etc.) the standard deviation of the time-domain measurement is below 0.1 dB.
VII. CONCLUSION
A novel TDEMI measurement system has been presented. The TDEMI measurement system allows emulation of the modes of operation of conventional analog EMI measurement systems, e.g., peak, average, rms, and quasi-peak detection. In addition to these capabilities, the TDEMI measurement system facilitates the extraction of phase spectra and short-time spectra from the measurements. Furthermore, statistical signal valuation and FFT-based time-frequency analysis of the EMC/EMI signals is possible. The system performance has been evaluated experimentally. Compared with conventional analog EMI measurement equipment the measurement time is reduced by one order of magnitude.
